How to cite this article: Sobenin IA, Orekhova VA, Grechko AV, Orekhov AN. Is insulin pro-atherogenic at the cellular level? Vessel Plus 2017;1:174-81.
INTRODUCTION
Insulin-dependent (type 1) diabetes mellitus is known to favor an accelerated development of atherosclerosis, although the reasons for premature atherogenesis in diabetic patients remain obscure. Several hypotheses exist, which try to describe the molecular, cellular and biochemical mechanisms of premature atherogenesis in diabetic patients, but all have failed to sufficiently explain this phenomenon. Proposed mechanisms include the harmful effects of advanced glycosylation end products, modification of low density lipoproteins by non-enzymatic glycosylation, lipoprotein retention in the arterial wall, enhanced oxidative stress, inflammation, endothelial dysfunction, and alterations in metabolism of vitamins and minerals [1] [2] [3] [4] [5] . In addition to these potential factors, it is necessary to consider the possible role of insulin in the process of atherosclerosis development. Since hyperinsulinemia is associated with increased cardiovascular risk, hyperinsulinemia and hepatic portal hypoinsulinemia due to injection of insulin preparations widely used in the treatment of type 1 diabetic patients could be responsible, at least in part, for cardiovascular consequences of the disease. The results of epidemiological studies and experimental studies in animal models supported systemic hyperinsulinemia as a major plausible factor in the development of atherosclerosis in diabetic patients [6] [7] [8] [9] [10] . Insulin resistance is strongly associated with hyperinsulinemia, and is considered as the major pathologic mechanism for susceptibility to premature atherosclerosis and cardiovascular disease [11, 12] . However, the effects of exogenous insulin on atherosclerosis progression have not been sufficiently studied. Experimental studies demonstrate direct in vitro effects of insulin on angiogenesis, as well as on endothelial and arterial smooth muscle cell proliferation [13, 14] . Nevertheless, this contention remains controversial, and there is no definitive settlement on the role of insulin in atherogenesis [15] [16] [17] . To elucidate this matter, the present study tested the influence of insulin on cellular proliferation and total cholesterol content in cultured subendothelial cells derived from human aorta and mouse peritoneal macrophages. Additionally, the effect of exogenous insulin on atherogenicity of serum from diabetic patients was investigated.
METHODS

Patients
This study was conducted in accordance with the Helsinki Declaration of 1975 as revised in 1983. It was approved by the local ethics committee of the Institute for Atherosclerosis Research, Skolkovo Innovation Center, Moscow, Russia. All participants gave their written informed consent prior to their inclusion in the study.
The group of study participants consisted of 33 type 1 diabetic patients aged 20 to 44 (17 men, 16 women) with diabetes duration ranging from 0 to 16 years. They were characterized by rather low level of antibodies to insulin (less than 50 nU/mL), therefore, the possibility of insulin resistance attributable to antibodies was excluded [18] . The type of diabetes was verified according to recommendations from the American Diabetes Association [19] . None of the patients had clinical manifestations of coronary heart disease. All patients received intensive insulin therapy with glargine ("Lantus", Sanofi-Aventis Deutschland GmbH, Germany) as basal insulin, and glulisine ("Apidra", Sanofi-Aventis Deutschland GmbH, Germany) as prandial insulin. None of the patients had coronary heart disease or other clinical manifestations of atherosclerosis, arterial hypertension or kidney disease. The selection and recruitment of study participants was designed to avoid any significant comorbidity or drug administration, which could potentially affect the results of experiments. Venous blood (5 mL) was drawn once in the morning before meals at the first day at the hospital. Fasting blood glucose was 8.2 ± 0.4 mmol/L, HbA1c was 9.2 ± 0.3%, serum cholesterol level was 5.2 ± 0.2 mmol/L, and triglyceride level was 1.4 ± 0.2 mmol/L. Additionally, the second group of study participants consisted of 3 patients with newly diagnosed type 1 diabetes mellitus (1 man and 2 women aged 18, 19 and 23, respectively), who were characterized by low levels of immunoreactive insulin (IRI) and residual C-peptide secretion (1.6 ± 0.5 mU/L and 0.8 ± 0.2 ng/mL, respectively), and significantly elevated blood glucose levels (20.0 ± 0.2 mmol/L) without severe ketoacidosis on admission to hospital. Intensive therapy with insulin glulisine and insulin glargine was started immediately. For monitoring of glucose level, IRI level and blood serum atherogenicity, venous blood was taken several times throughout the duration of hospitalization immediately before the start of intensive insulin therapy, then at 30 min, 2 h, 6 h, 12 h, 24 h and 7 days after the first insulin injection. On the 10th day, the patients were discharged from the hospital and were examined at outpatient clinics 21 days after the start of intensive insulin therapy.
Blood collected from patients was incubated for 1 h at 37 ºC and centrifuged for 30 min at 1,000 g. The resultant serum samples were stored frozen (-20 ºC) for 4-7 days before examination. 
Reagents
Cell culture
To study the direct effects of insulin on intracellular cholesterol accumulation and cellular proliferation, cells were isolated from the non-atherosclerotic subendothelial (elastico-hyperplastic) sublayer of the intima by digestion of human aortic tissue with 0.15% collagenase under sterile conditions, as described elsewhere [20] . The autopsy material was taken from subjects aged 50 to 58 who had died suddenly by accident. After digestion, enzyme-isolated cells were separated from the remaining tissue by filtering through nylon mesh, and subsequently resuspended in Medium 199 containing standard additives: 2 mmol/L L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 2.5 µg/mL Fungizone and 10% of FCS. Cells were seeded into 48-well or 24-well tissue culture plates at a density of (3-4) × 10 4 cells/cm 2 of growth area. The cells were cultured at 37 ºC in a humidified CO 2 -incubator (95% air and 5% CO 2 ). The primary cultures contained a mixed cell population made up primarily (95%) of typical and modified smooth muscle cells as it was earlier defined by the ultrastructural features and immunofluorescent markers. The medium was changed each day. On the 7th day in culture, Medium 199 containing 40% blood serum from type 1 diabetic patients, 1 µCi/mL [ 3 H]-thymidine and the indicated concentrations of insulin (0.001-1,000 mU/mL), or Medium 199 containing 10% of FCS, 1 µCi/mL [ 3 H]-thymidine and insulin (0.001-1,000 mU/mL) were applied to cell cultures. After 24 h incubation, cells were rinsed 3 times with phosphate buffered saline (PBS), 3 times with PBS containing 0.2% bovine serum albumin, and again 3 times with PBS. Cellular lipids were extracted with the mixture of n-hexane and isopropanol (3:2, vol:vol) as described elsewhere [20] . Total cholesterol content was determined enzymatically using commercial assay kits. After delipidation, the cells were rinsed 3 times with 5% trichloroacetic acid and then were dissolved in 0.1 mol/L NaOH. Aliquots were used for cellular protein determination and [
3 H]-thymidine incorporation as described by Tertov et al. [21] .
To measure serum atherogenicity (i.e. its ability to induce cholesterol accumulation in cultured cells), BALB/c mouse resident peritoneal macrophages were taken from non-stimulated animals as described by Adams [22] . Afterward, 2 × 10 5 cells were seeded into each well of 24-well plates in Medium 199 containing antibiotics and 10% of FCS. After a 4-h incubation, the cultures were rinsed with Medium 199 to remove unattached cells. Then cells were incubated for additional 4 h in Medium 199 containing 10% of examined patient's serum. Lipid extraction, cellular protein and cholesterol measurements were performed as described above.
Statistical analysis
Results are reported as mean ± SEM, based on triplicate measurements in each of 4 independent experiments. Significance of differences was evaluated using the IBM SPSS 20.0 statistical program package and was assumed for P values < 0.05.
RESULTS
Twenty-five, or 70% of 33 type 1 diabetic patient's sera exhibited an atherogenic potential, i.e. increased total cholesterol content of cultured mouse peritoneal macrophages by 50-70% as compared to control. This effect did not depend on patient's age, gender, plasma lipid levels, or diabetes duration. Moreover, seruminduced cholesterol accumulation did not correlate with IRI level in tested serum samples (r = -0.09, P > 0.6).
In those 3 patients with newly diagnosed type 1 diabetes mellitus, blood serum obtained immediately before the beginning of intensive insulin therapy induced significant cholesterol accumulation in cultured mouse peritoneal macrophages [ Table 1 ]. As it was expected, after the start of intensive insulin therapy, IRI level increased rapidly, whereas C-peptide level remained low (the data not shown). By the end of the 1st day of intensive insulin therapy, blood glucose decreased to 10.5 ± 0.8 mmol/L, and IRI level accounted for 28 ± 3 mU/L. Further treatment resulted in the achievement of satisfactory glycemic control (data not shown). Along with these changes, the atherogenic effect of serum stayed practically invariable up to the 21st day of intensive insulin therapy, despite the steady decrease in blood glucose and elevation in IRI level [ Table 1 ]. Therefore, the ability of diabetic blood serum to induce intracellular cholesterol accumulation was not directly associated with either plasma insulin concentration or the state of glycemic control.
We have also studied the direct effect of insulin on cho lesterol content and proliferative activity in cultured studies revealed that the sera taken from 2 patients induced a significant increase in total cholesterol content of cultured human intimal cells, while 2 other serum samples proved to be non-atherogenic, i.e. did not produce the changes in intracellular cholesterol as compared to control cells incubated in the absence of human serum [ Table 3 ]. Insulin addition at concentrations of 1-1,000 mU/mL to the cultured cells did not affect serum atherogenicity [ 
DISCUSSION
Enhanced cellular proliferative activity and deposition of intracellular lipids in the vessel wall, mainly free and esterified cholesterol are typical features of early atherosclerotic lesions. Previous studies demonstrated that blood sera or low-density lipoprotein from most of type 1 diabetic patients, unlike healthy subjects' sera, are able to induce cholesterol deposition in cultured macrophages and human intimal cells [20, [23] [24] [25] [26] [27] . However, one cannot rule out the possibility that some other factors may play a role. Hyperinsulinemia is thought to be an independent risk factor for atherosclerosis, as was demonstrated earlier in numerous epidemiologic studies [10, [28] [29] [30] [31] . On the other hand, most of the data were obtained on groups of non-diabetic individuals or type 2 diabetic patients. At the same time, type 1 diabetes is characterized by elevated insulin levels human aortic intima cells [ Table 2 ] and mouse peritoneal macrophages. At various concentrations (1-1,000 mU/mL), insulin had no effect on intracellular cholesterol content. Moreover, insulin did not stimulate proliferative activity of cultured intimal cells; slight deviations seemed to be random and non-systematic [ Table 2 ]. Additionally, the lack of insulin effect on intracellular cholesterol content and [
3 H]-thymidine incorporation was registered when extremely low (0.001, 0.01 and 0.1 mU/mL) insulin concentrations were used (data not shown). Similar results were obtained in cultured mouse peritoneal macrophages (data not shown).
The atherogenic effects of sera randomly taken from four type 1 diabetic patients were further studied using the primary culture of human intimal aortic cells. These Theoretically, there are many reasons why insulin might affect the vessel wall in diabetic patients. Insulin is a widely recognized and important growth factor. Initially, the hypothesis on insulin atherogenicity derived from old studies in non-diabetic animals given large doses of insulin, which showed enhanced cholesterol synthesis in the aorta [32] [33] [34] . Later studies showed that atherosclerosis-like biochemical and histological changes in aortas of Wistar rats could be induced by long-term insulin treatment and hyperinsulinemia [35, 36] . However, these findings were not supported in other studies in hyperinsulinemic or insulin-treated animals [37, 38] . Insulin did not produce any effect on the transfer of cholesterol from circulation into arterial wall [39] . It was also demonstrated that insulin did not modify lipogenesis by the rat intima-media even at very high concentrations [40] .
It is suggested that insulin may cause an increased cellular proliferation in tissue culture [13, 41] . However, to demonstrate such an effect of insulin, the cells needed to be starved in serum-deficient medium for several days, the conditions being far from physiological, and then only at high insulin concentrations [42] . However, Ledet had not been able to demonstrate the growthstimulating effect of insulin; moreover, there was a growth-promoting effect of serum from recent-onset type 1 diabetic patients, although serum insulin levels were extremely low [43] . Also, against the "insulin hypothesis" stand the observations of beneficial effects of insulin treatment on the development of atherosclerosis-like lesions in streptozotocin-diabetic rats. In well-controlled rats, tunica media of coronary arteries contained the normal relative amount of connective tissue and number of cells, as compared to the poorly controlled diabetic animals [44] . Additionally, hyperinsulinemia did not stimulate the early stages of arterial smooth muscle cells proliferation in the rat after aortic injury [45] . So, the speculated pro-atherogenic effects of insulin were intensively discussed for a long time, but then left aside for decades, without reaching consensus.
All further studies focused on clinical effectiveness of insulin therapy, with a partial respect to cardiovascular outcomes, which could serve as the indirect markers of proatherogenic or, vice versa, beneficial effects of insulin on atherosclerosis progression. Large observational studies performed in diabetic patients did not solve the controversy on the effects of insulin treatment on atherosclerosis progression and cardiovascular risk, although they have demonstrated some reduction in cardiovascular events under improved glycemic control during the long-term followup [46] . The Epidemiology of Diabetes Interventions and Complications (EDIC) Study, which was designed as the follow-up long-term study of the Diabetes Control and Complications Trial (DCCT), was aimed to estimate the effects of glycemic control on major cardiovascular endpoints (all fatal and nonfatal cardiovascular events, angina, revascularization, and also fatal and nonfatal myocardial infarction, and stroke as secondary endpoints) in type 1 diabetes mellitus patients [47, 48] . The EDIC study participants were followed annually, and after a mean of 18 years from the start of the DCCT, a 42% reduction in cardiovascular disease outcomes was observed along with a 57% reduction in fatal and nonfatal myocardial infarction, and stroke [48] . Thus, prospective studies have provided indirect evidence supporting the absence of harmful effects of intensive insulin therapy on atherosclerosis progression in type 1 diabetic patients. Moreover, intensive insulin therapy was shown to be beneficial with respect to instrumental measures of atherosclerosis, namely, coronary artery calcification and carotid intima media thickness [49, 50] .
In contrast, studies in type 2 diabetic patients who were appointed to intensive insulin therapy provided rather controversial results. The United Kingdom Prospective Diabetes Study (UKPDS) demonstrated a non-significant 16% decrease in fatal and nonfatal myocardial infarction along with a non-significant 6% . It should be noted that insulin use ranged from 41-90% among intensively controlled subjects in these trials. Within 3.5-5.6 years of followup, no significant reductions in cardiovascular disease were demonstrated. Moreover, the ACCORD trial was prematurely stopped after a median follow-up of 3.4 years due to a statistically significant 22% higher all-cause mortality just in a subgroup with intensive glucose control [56] . Thus, it could be proposed that intensive glucose lowering in treatment of type 2 diabetic patients is associated with a higher incidence of mortality, although the role of insulin treatment was never elucidated. However, the most recent metaanalysis of the benefits and harms of intensive glucose lowering therapy performed on the data from 58,160 type 2 diabetic patients in 13 randomized controlled trials has provided the evidence that intensive glucose lowering therapy compared to conventional glucose control therapy is associated with a reduced risk of major cardiovascular events and myocardial infarction. At the same time, intensive glucose lowering therapy does not affect significantly the risks of cardiac death, stroke, congestive heart failure, and total mortality [57] .
The results of our study show that insulin does not exert direct atherogenic actions, at least on such phenotypic characteristics as intracellular cholesterol accumulation and cell proliferation. An effect on cholesterol content or proliferative activity was not observed in cultured cells, a result that could possibly be attributed to the high concentration of serum used. Certainly, these results do not indicate that insulin has no proatherogenic effect at all, and numerous possibilities of atherogenic action remain, which could be detected by other parameters. On the other hand, blood serum atherogenicity in type 1 diabetic patients did not correlate with insulin level in serum samples. It must be noted that this study has certain limitations. First, the power of the study may be limited because of the small sample size. Second, the second group of patients with newly diagnosed type 1 diabetes mellitus consisted only of 3 patients, that is too low for complex disease; therefore, the obtained results may be discussed only as a case report. Third, only 2 major traits of atherosclerotic cellular phenotype (namely, cholesterol accumulation and proliferative activity) were examined, and others were not studied, like enhanced synthesis of protein and matrix components, and proinflammatory response. Finally, insulin action in cell culture studies was not controlled in experiments using insulin receptor knockout/knockdown cells.
Biologically, from a functional point of view, insulin overlaps with various much more potent growth factors, e.g. somatomedins, platelet-derived growth factor and epidermal growth factor, which may disguise the action of insulin, especially in epidemiological surveys. So, one may speculate that hyperinsulinemia in diabetic patients might play an atherogenic role but in indirect manner or be tightly accompanied by other atherogenic factors, which are responsible for the initiation of atherogenesis and further development of atherosclerotic lesions. 
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